Bioluminescence is a natural light source based on luciferase catalysis of its substrate luciferin. We performed directed evolution on firefly luciferase using a red-shifted and highly deliverable luciferin analog to establish AkaBLI, an all-engineered bioluminescence in vivo imaging system. AkaBLI produced emissions in vivo that were brighter by a factor of 100 to 1000 than conventional systems, allowing noninvasive visualization of single cells deep inside freely moving animals. Single tumorigenic cells trapped in the mouse lung vasculature could be visualized. In the mouse brain, genetic labeling with neural activity sensors allowed tracking of small clusters of hippocampal neurons activated by novel environments. In a marmoset, we recorded video-rate bioluminescence from neurons in the striatum, a deep brain area, for more than 1 year. AkaBLI is therefore a bioengineered light source to spur unprecedented scientific, medical, and industrial applications.
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Bioluminescence is a natural light source based on luciferase catalysis of its substrate luciferin. We performed directed evolution on firefly luciferase using a red-shifted and highly deliverable luciferin analog to establish AkaBLI, an all-engineered bioluminescence in vivo imaging system. AkaBLI produced emissions in vivo that were brighter by a factor of 100 to 1000 than conventional systems, allowing noninvasive visualization of single cells deep inside freely moving animals. Single tumorigenic cells trapped in the mouse lung vasculature could be visualized. In the mouse brain, genetic labeling with neural activity sensors allowed tracking of small clusters of hippocampal neurons activated by novel environments. In a marmoset, we recorded video-rate bioluminescence from neurons in the striatum, a deep brain area, for more than 1 year. AkaBLI is therefore a bioengineered light source to spur unprecedented scientific, medical, and industrial applications.
B
ioluminescence imaging (BLI) is based on the detection of light produced by the enzyme (luciferase)-catalyzed oxidation reaction of a substrate (luciferin) (1, 2) . In vivo BLI is a noninvasive method for measuring light output from luciferase-expressing cells after luciferin administration in living animals (3) , and this method typically employs firefly luciferase (Fluc) and the natural substrate D-luciferin (Fig. 1A , left) that produces longerwavelength (green-yellow) light and is more stable for enzymatic reaction after administration than the other commonly used luciferase substrate, coelenterazine (4-7). However, due to its relatively low tissue permeability, D-luciferin has a heterogeneous biodistribution in the body (8) . The low affinity (high Michaelis constant, K M ) of D-luciferin for Fluc also suggests uneven saturation of the Fluc reporter enzyme with substrate in vivo. In particular, in vivo BLI in the brain has been hampered due to low passage of D-luciferin through the blood-brain barrier (BBB) (8) . In recent years, synthetic analogs of D-luciferin were reported (9-11), including AkaLumine (Fig. 1A, right) , that when catalyzed by Fluc produces near-infrared emission peaking at 677 nm, which can penetrate most animal tissues and bodies. We previously demonstrated that AkaLumine hydrochloride (AkaLumineHCl) has favorable biodistribution to access Fluc-expressing cells in deep organs such as the lung and can saturate Fluc more effectively than D-luciferin (12) .
We hypothesized that Fluc is not enzymatically optimal for AkaLumine-HCl; therefore, we performed directed evolution on the luciferase gene through successive rounds of mutagenesis, screening, and validation to develop an enzyme that could strongly pair with AkaLumine-HCl. We constructed gene libraries encoding variants of three luciferases (13)-Fluc, emerald luciferase (Eluc), and crick beetle red luciferase (CBRluc)-and screened them by selecting for bacterial colonies with brighter emission in the presence of AkaLumine ( fig. S1A ). Candidates in the Fluc-based library were iteratively screened with multiple cycles of random mutagenesis (fig. S1B) to produce Akaluc, which has 28 amino acid substitutions relative to Fluc ( fig. S1C ). Application of D-luciferin and AkaLumine on bacterial colonies expressing Akaluc or Fluc enabled bright near-infrared emission with AkaLumine/ Akaluc and very weak emission with the other combinations ( fig. S2 ). In vitro experiments with purified luciferases (Fig. 1B) showed that Akaluc catalyzed AkaLumine~7 times more efficiently than Fluc to produce emissions with a maximum at 650 nm ( fig. S3 ). Their catalytic activity was equally pH-sensitive ( fig. S4 ) and, in addition, Akaluc exhibited higher thermostability than Fluc ( fig. S5 ).
Akaluc-expressing HeLa cells (HeLa/Akaluc cells) were constructed after transfection with a cDNA encoding Venus-Akaluc and purification by flow cytometry for Venus fluorescence. Likewise, HeLa/Fluc cells were also prepared. We examined the comparative BLI performance of the four luciferin/luciferase combinations (Fig. 1C) . To compare the performance of Akaluc and Fluc for AkaLumine in cultured cells, we additionally performed a comparative experiment using HeLa/Akaluc cells and HeLa/ Fluc cells exposed to 500 mM AkaLumine ( fig.  S6A ). The cellular BLI signal ratio of VenusAkaluc to Venus-Fluc was~52. In addition, we analyzed Venus-luciferase-expressing HeLa cells by flow cytometry and quantified the expression level ratio of Venus-Akaluc to VenusFluc to be~4. Accordingly, we assigned thẽ 13-fold improvement of Akaluc over Fluc to an improvement intrinsic to luciferase's catalytic activity. Akaluc showed a 3.79 ± 0.20 (n = 58) times higher expression level compared with Fluc ( fig. S6B ) despite the same speed of folding/degradation ( fig. S7 ). Based on these results, we conclude that in cultured cells, Akaluc performs better than Fluc due to a 7-to 13-fold enhancement of its catalytic activity and a roughly 4-fold improvement in the expression level.
We next compared the in vivo BLI performance of AkaLumine-HCl/Akaluc and D-luciferin/ Fluc in deep tissues of mice. Whereas in vitro and cellular BLI employs AkaLumine, in vivo BLI uses AkaLumine-HCl (see the supplementary materials). Care was taken in this study regarding the route, timing, and dose of systemic administration of the substrates ( fig. S8 ). Considering the high K M value for Fluc and the poor tissue delivery of D-luciferin, a relatively high dose of the substrate was injected (500 nmol/g body weight, comparable to a 100 ml volume of 100 mM D-luciferin for an average-sized mouse). In contrast, a 100 ml solution of 30 mM AkaLumine-HCl was injected into mice, a dose previously shown to provide a saturating concentration in vivo of AkaLumine-HCl (12) .
We localized luciferase expression deep inside the mouse body by two approaches, (i) cell implantation in the vasculature and (ii) viral transduction in the brain. In the former approach, HeLa/Akaluc or HeLa/Fluc cells were transplanted. We injected 10 3 cells into the tail vein. Using this protocol, the majority of intravenously injected cells are initially trapped in the small capillaries of the lung (14, 15) ; thus, we imaged the upper part of an anesthetized animal 10 min after cell injection and immediately after intraperitoneal substrate administration. Under these conditions, the AkaLumine-HCl/Akaluc combination yielded a 52 ± 9.5-fold stronger signal than D-luciferin/Fluc (Fig. 1D ).
In the second approach, we imaged bioluminescence from the striatum, a group of contiguous subcortical structures deep in the brain involved in motor control and other functions. Because access of D-luciferin to the brain is limited by the BBB (8) but AkaLumine-HCl is tissuepermeant (12), we expected that brain imaging should benefit from AkaLumine-HCl/Akaluc. We used an adeno-associated virus (AAV)-based tetracycline (TET)-inducible system (16) for expression of Akaluc or Fluc ( fig. S9 ) in the striatum. Two weeks after viral infection, mouse heads were comparatively imaged after substrate administration (intraperitoneal). First, the activity of striatally expressed Fluc was examined with different substrates, indicating that AkaLumineHCl was more accessible to the brain than another reported synthetic analog CycLuc1 (10) S10 ), which is a more prominent improvement than that observed for pulmonary localization (Fig. 1D) .
The all-engineered BLI system composed of AkaLumine-HCl and Akaluc is hereafter referred to as AkaBLI. AkaBLI with intravenous administration allowed the monitoring of brain striatal bioluminescence at video rate in a freely moving mouse for >1 hour (Fig. 1E , bottom right; fig. S13 ; and movie S1), demonstrating the practical applicability of AkaBLI for studying naturally behaving animals. The same measurement was not possible with D-luciferin/Fluc (Fig. 1E , bottom left). We also monitored the signal development of striatal AkaBLI via three major systemic administration routes ( fig. S8 ). We found that the maximal intensity was higher in the order of intravenous, intraperitoneal, and oral administration and that intravenous gave the same temporal profile as intraperitoneal, whereas oral gave the most persistent bioluminescence (fig. S14). In a trial experiment, after 1 day of water deprivation we gave the mouse ad libitum oral access to an AkaLumine-HCl solution and recorded striatal AkaBLI. About 5 min after several fluid intakes, a substantial amount of bioluminescence became apparent on the head and was monitored at video rate for more than 1 hour (fig. S15 and movie S2). Such painless and voluntary self-administration of substrate to awake animals will be useful for BLI experiments under natural conditions and to assess sensitive behavioral changes.
Based on the bright bioluminescence signals from HeLa/Akaluc cells in the mouse lung (Fig.  1D) , we examined the cell sensitivity of AkaBLI as a quantitative method to examine pulmonary cell trapping by titrating down the number of injected HeLa/Akaluc cells. By observation of Venus fluorescence, we prepared solutions that contained 1, 2, 3, or 10 HeLa/Akaluc cells (fig. S16). Twelve mice were injected with a 1-cellcontaining solution (nos. 1 to 12). A focal bioluminescent signal was observed over the upper back of mice 6 and 9 (Fig. 2, 1 cell) , presumably derived from the one HeLa/Akaluc cell trapped in the lung. No signal was detected from the other 10 mice, suggesting efficient pulmonary passage of single cells. Likewise, mice injected with 2, 3, and 10 cells were imaged. Bioluminescence signals were observed in 5 of 9 mice given the 2-cell injection (Fig. 2, 2 cells ) and in 9 of 10 mice given the 3-cell injection (Fig. 2, 3  cells) , and all of them appeared as single foci. The 10-cell injection produced a focal fission in mouse 32 and single foci in mice 33, 35, 36, and 37 (Fig. 2, 10 cells) . Because the bioluminescent foci mostly occurred singly on the body surface, and because the total bioluminescence intensity was linearly correlated with the number of injected cells (Fig. 2B, inset) , it is likely that multiple circulating HeLa/Akaluc cells were clustered before being trapped in the lung. It is also noted that larger clusters were trapped in the lung more frequently; the bioluminescence detection rates were 2 of 12, 5 of 9, 9 of 10, and 5 of 6 for 1-, 2-, 3-, and 10-cell injections, respectively. This result agrees with a previous finding that pulmonary trapping depends on the size of infused cell clumps (14, 15) . Although single-cell transplantation of fluorescent protein-labeled bone marrow cells was previously performed (17, 18) , their repopulating activity was analyzed retrospectively by flow cytometry. In contrast, AkaBLI will allow real-time long-term monitoring of transplanted stem cells at the single-cell level.
We examined the capability of functional AkaBLI to detect behaviorally induced longitudinal changes in deep brain structures. We used neuronal-activity-dependent expression of immediate early genes (IEGs), including c-Fos and c-Arc, to genetically mark neurons responsible for encoding learned experiences (19) (20) (21) . Previous studies identified neurons activated by experiences occurring within a limited time window before sacrifice using postmortem histological techniques for the detection of IEG expression in fixed tissue (22, 23) . Here, to noninvasively monitor active ensembles in the hippocampus during spatial learning and adaptation in a single living mouse, we designed an experimental system (Fig. 3A) , in which Venus-Akaluc was expressed under the control of the c-fos promoter. The coupling between activity-dependent transcription and reporter gene expression was controlled by doxycycline (Dox) in the diet. A recombinant AAV expressing TRE-Venus-Akaluc was targeted unilaterally (right) to the CA1 area of hippocampus in a transgenic mouse line expressing c-fos-tTA (Fig. 3B) . The experimental protocol using a single virus-infected mouse was composed of three consecutive observation epochs (1, 2, and 3) (Fig. 3C) . In each epoch, three BLIs were carried out under anesthesia. The first BLI provided the background signal after Dox was withheld from the mouse for 48 hours (Fig. 3D, gray circles) . Then, about 17 hours later, the mouse was allowed to explore a novel context (red cross) or a familiar context (blue cross) for 15 min × 2. Exactly 7 hours after the exploration, the second BLI gave an exploration-dependent change in the signal (Fig.  3D, red circles) . Finally, the mouse was maintained on a Dox diet for a long time (>4 days) for the complete removal of TRE-Venus-Akaluc signal, which was confirmed by a background-level signal of the third BLI (Fig. 3D, black circles) . These data serve as a practical indication of the sufficient degradation of the Akaluc reporter in multiple observations 1, 2, and 3, involving a novel environment, a return to the familiar home cage, and another novel environment, respectively (Fig. 3C) . The temporal profile of the bioluminescence (Fig. 3D and fig. S17 ) validates the capability of AkaBLI to reliably track the response history of the same neurons to multiple stimuli over many days. Photographs of the first, second, and third BLIs during observation 1 (i, ii, and iii, respectively) (Fig. 3E) show the focal occurrence of the bioluminescence signal, indicating that the infection was confined to the injection site. About 8 hours after a treatment with kainic acid for the full activation of the infected neurons, we fixed the brain for tissue clarification with the ScaleS technique (24) and focused on the region containing the cortex and hippocampus for a threedimensional reconstruction of Venus-expressing neurons (Fig. 3, F and G) . Unexpectedly, only 49 neurons were identified as fluorescent and presumed bioluminescent emitters (Fig. 3G) . We statistically validated the novelty-dependent increase in the neuronal activation signals over the background (Fig. 3H ) and home-cage signals (Fig. 3I ). The results demonstrate that AkaBLI can be used to directly monitor the activation patterns of much fewer numbers of neurons than any existing noninvasive optical Iwano 21  20  29  28  27  26  25  24  23  22  19  18  17  16  15  14  13  12  11  10  1 technique (25), therefore allowing the visualization of genetically defined small neural ensembles. We examined AkaBLI as a method for the longterm noninvasive monitoring of the brain in a higher-order species by performing AkaBLI in the marmoset, a small New World monkey (26) . A 4-year-old female marmoset was introduced with recombinant AAVs for expression of Akaluc. The injection was precisely guided by magnetic resonance imaging (MRI) (27) of the right striatum located 4.8 mm from the brain surface (Fig. 4A) . The depilated head was imaged under anesthesia after AkaLumine-HCl administration (intraperitoneal), and AkaBLI was repeated every month at minimum. The bioluminescence emitted from the striatum was detected through the intact head, with an intensity peaking at 20 to 30 min after substrate administration ( fig. S18 ). The BLI signal greatly increased over the 3 months after injection (Fig. 4B) and then lasted for many months (Fig. 4C) , suggesting stable integration of the transgene in the transduced neurons. At 1 year after injection, we used a fast mode of BLI without anesthesia, and we were able to follow striatal bioluminescence with a 100-msec exposure time for over 1 hour while the 5-year-old female marmoset was freely moving (Fig. 4D, fig. S19 , and movie S3). Her behavior was normal, suggesting that the dose of AkaLumine-HCl administration had no overt side effects ( fig. S20 ). Such video-rate long-lasting and noninvasive BLI will have many applications in neuroscience for mapping and probing neural circuitry in behaving animals under natural conditions (28, 29) .
In this study, the directed evolution of firefly luciferase with an artificial substrate allowed a major improvement for in vivo deep bioluminescence imaging. The AkaBLI system, composed of AkaLumine-HCl and Akaluc, enabled the improved performance by optimized Akaluc yield and catalysis of AkaLumine-HCl compared with Fluc. In accord, AkaBLI displayed superior sensitivity for in vivo noninvasive BLI in longlasting video-rate monitoring of a few cells in freely moving animals. Importantly, we chose to demonstrate the AkaBLI in deep tissue areas to highlight the strength of the light source to penetrate body walls while retaining accurate spatial and temporal specificity. In contrast, current coelenterazine-based BLI systems are useful in dissociated cell-and slice-based in vitro applications but do not have adequate substrate biodistribution in animals in vivo (4, 5, 30, 31) (figs. S21 and S22), and there is no reliable evidence to date of the practical applicability of coelenterazine substrates for in vivo physiological studies. In contrast, AkaLumine-HCl has high permeability and stability for homogeneous substrate distribution inside the body, including the ability to cross the BBB into the brain. Thus, AkaBLI is expected to accurately map reporter enzyme expression as opposed to substrate distribution. Further coevolution of BLI enzymes and substrates will be a promising approach to synthetic biological light Iwano The familiar context was a home cage (#2). Shown below is the experimental scheme containing three consecutive observation epochs: 1 to 3. BLI: Mice were anesthetized, administered (intraperitoneally) with AkaLumine-HCl (75 nmol/g body weight), and then imaged using a cooled CCD camera (5-min exposure time). Depilation was performed during the on-Dox period (green shade). (D and E) BLI data of a representative mouse, which showed a novel-context dependent increase in the bioluminescence signal. R.S.I., relative signal intensity. BLI time points correspond to BLI symbols shown in (C). Photographs of the first, second, and third BLIs during observation 1 [i, ii, and iii, respectively (D)] with bright-field image (BF) are shown (E). The color bar indicates the total bioluminescence counts/5 min. (F and G) Three-dimensional reconstructions of infected neurons with Venus expression (green) in a cleared brain sample stained for nucleic acid with SYTO 61 (red). Maximum projection images of the region containing the cortex (CX) and the hippocampal CA1. A magnified micrograph (G) (80-mm volume, 0.5-mm step size) corresponding to the box shown in (F) (910-mm volume, 6.1-mm step size). Scale bars, 100 mm. (H and I) Statistical analysis of BLI data. Bioluminescence signals after novel exposure (red) compared with those taken 1 day earlier (gray) and >4 day later with Dox (black) (H). Bioluminescence signals after novel exposure (red) compared with those after home cage return (blue) (I). Data are presented as mean ± SEM (n = 6 mice). *P < 0.05. **P < 0.01. Significance was calculated by means of two-sided paired t tests.
production for research, industry, and medical applications. creation and use of Akaluc. Data and materials availability:
The data reported in this paper are presented in the main text and supplemental materials. The Akaluc genes (pcDNA3/Venus-Akaluc, pAAV2 SynTetOff Venus-Akaluc, pAAV2 TRE Venus-Akaluc) will be available from the RIKEN Bio-Resource Center (BRC) (http://en.brc.riken.jp) under a material transfer agreement with RIKEN. The accession number in the DDBJ/EMBL/GenBank database is LC320664 for Akaluc. 
